Oxygen saturation of small arteries and veins (20-500 fim) was determined microspectrophotometrically in the hearts of 12 pentobarbital-anesthetized open-chest dogs. Hearts were removed, quick frozen in liquid propane, and O 2 saturation was determined in blood vessels on a regional basis between and within ventricular walls. No significant differences existed in arterial O 2 saturation between right, left, and septal walls or regionally within any wall by depth or in base-to-apex comparisons. Although there was variation in arterial saturation, it was independent of vessel size. Arteries were followed by serial section into the left ventricular wall for distances up to 7.5 mm without significant saturation change. The average venous saturations of the right, septal, and left ventricular walls were not significantly different. No regional differences in venous saturation were found within any ventricular wall in comparisons between base and apex. In the left ventricle, subepicardial venous saturation (29.8%) was significantly higher than subendocardial saturation (16.4%). In veins traced from the surface, saturation decreased with depth. Greater variability of saturation was found in small compared to large veins. The greater O 2 extraction in the subendocardium may indicate a higher O 2 consumption than in the subepicardium.
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THE HEART usually extracts about two thirds of the O 2 presented to it under normal conditions. There are differences in work load between right, septal, and left ventricular walls and differences in blood flow between ventricular walls. 1 Differences in arterial-venous O 2 extraction between ventricular walls have not been determined and are, in part, the reason for the present study. Evidence exists that, in the left ventricular free wall, the deeper, subendocardial (ENDO) region is less dependent on aerobic metabolism than the more superficial, subepicardial (EPI) region. This difference has been shown by polarography, 2 -:l by mass specrroscopy, 4 by measurements of enzyme activity levels, 5 '" and in isolated hearts by microscopic oximetry of veins. 7 If such differences do, in fact, exist, the ENDO could be less dependent on aerobic metabolism than the EPI for several reasons: diffusional loss of oxygen could occur in arteries before they reach the ENDO; there is a countercurrent arrangement of vessels which shunts O 2 away from the ENDO; the ENDO has a higher oxygen consumption; the ENDO has the same oxygen consumption as the EPI but a lower blood flow and, hence, a greater O 2 extraction.
It has been reported that vascular and perivascular O 2 tension and the O 2 saturation of blood decrease with decreasing arterial vessel diameter in the hamster cheek pouch. 8 -9 In the heart, blood supply is from the surface inward and vessel diameter decreases with depth in the left ventricular free wall. 10 Most arteries on the surface of the dog heart are associated with two veins in a triad. Such an arrangement often persists within the wall of the left ventricle 7 and leads to the speculation that a countercurrent exchange of gases could occur within the left ventricle. There is evidence that the ENDO has a greater O 2 consumption than the EPI." Further, there are reports that blood flow may be lower in the ENDO. 2 To begin to distinguish between these possible reasons for the differences in the relation between O 2 supply and demand in the left ventricular free wall, regional arterial-venous O 2 saturation differences were studied.
We recently developed a microspectrophotometric method of measurement of O 2 saturation of blood with a high accuracy and repeatability. 12 -'•' The system allows accurate determination of the O 2 saturation of arteries and veins in a quick-frozen heart. We have applied it to measure arterial O 2 and venous O 2 saturation in the right and left ventricular free and septal walls and to study variability of saturation in relation to vessel size.
Methods
Twelve mongrel dogs of either sex, weighing 13.6-28.2 kg, were anesthetized with sodium pentobarbital (30 mg/ kg, iv). Artificial respiration was instituted and the fractional concentration of CO 2 in the alveoli (FA C O 2 ) w a s measured with a Godart capnograph and maintained constant by adjustment of the respirator. One carotid artery was catheterized. The chest then was opened at the 5th interspace. The pericardium was incised and a partial cradle was made. In three dogs, the coronary sinus was also catheterized.
At least one-half hour was allowed for the preparation to stabilize. Heart rate and blood pressure then were measured. Arterial blood samples and in three cases coronary sinus blood samples then were obtained for analysis of blood gases and pH (IL 113, Instrumentation Laboratories). Blood O 2 saturation (HbO 2 ) was also measured by the method of Van Slyke 14 or by a CO-oximeter (Instrumentation Laboratories).
The heart then was fibrillated to arrest blood flow during the freezing process. The ventricles were cut with a large pair of shears below the atrioventricular ring. The VOL. 42, No. 1, JANUARY 1978 absence of valves allowed rapid filling of the insides of the ventricles, when they were placed into liquid nitrogencooled liquid propane. Under these conditions, freezing began simultaneously inside and outside the ventricular walls. The time from the beginning of fibrillation until the heart was dropped into the propane averaged 4 seconds. The frozen hearts were stored at -70°C until analyzed.
To determine the time course of freezing, an equation for freezing time in skeletal and cardiac muscle tissue under these conditions was developed. A thermocouple with a time constant of 1.4 seconds was placed at various depths in cardiac and skeletal muscle at 37°C, freshly excised from a dog. The tissues were placed in liquid N 2cooled propane and the time required to reach 0°C was determined. No time differences were observed in cardiac and skeletal muscle sections of equal thickness, so the following single equation was developed: freezing time (sec) = 0.21 [distance (mm)] 184 . Thus, it should take less than 8 seconds to freeze to the center of a left ventricular free wall that was 15 mm thick.
To determine the effect of elapsed time on changes in arterial and venous O 2 saturation, measurements of saturation were performed in two gracilis muscles and the heart of one additional dog. The muscles were removed after clamping the blood supply and sections were frozen at 0 time, and at 15, 30, 60, and 120 seconds. A similar protocol was followed in the heart. No decrease in arterial O 2 saturation was observed over the 2-minute period ( Fig. 1 ). No decline in venous O 2 saturation was observed for 15-30 seconds. No difference was seen between veins <50 fim and larger vessels until 60 seconds elapsed, when small vein O 2 saturation was lower than large.
Hearts were cut on a band saw with an approximately 200-cm-long blade at -20°C. Eight plugs were obtained: right ventricular base and apex, septal base and apex, and two left ventricular base and apex plugs. These plugs were transferred, one by one, into a microtome-cryostat maintained at -20°C. The tissue sections then were mounted on a microtome specimen holder and coated with embedding medium for frozen tissue specimens.
Thirty-/um-thick sections of the plugs were cut on a rotary microtome and transferred to precooled glass slides. They were covered with degassed silicone oil and a cover glass. The slides were transferred to a Zeiss microspectrophotometer, fitted with a cold stage maintained at -20°C. No readings were obtained at the edge of any section.
Two regions of every piece of right ventricle (subepicardial and subendocardial) were examined. Three regions per plug of septal wall (right, middle, and left) and left ventricle (subepicardial, middle, and subendocardial) also were examined. Measurements were made on the first three to five arteries and veins found in a region, as to size and O 2 saturation. In three hearts, 22 arteries and veins were followed in serial sections for distances up to 7.5 mm, and measurements were made of diameter and O 2 saturation in each. O 2 saturation of the blood frozen in the myocardial blood vessels was determined from the ratio of optical densities at three wavelengths (560, 523, and 506 nm). This method corrects for light scattering in the frozen blood. An average of three readings for each vessel studied was obtained. The method has been found to have an accuracy of better than 3% in blood vessels of a quick-frozen dog gracilis muscle. Details of the accuracy, precision, and limitations of the method have been previously published. 12 ' 13 Inner diameters of each blood vessel, in which O 2 saturation was measured, were determined with a previously calibrated ocular micrometer. Figure 2 shows the gross and microscopic appearance of the frozen heart preparation. The upper panel is of a wafer of heart cut approximately midway between apex and base. The left ventricle is open throughout, and blood-free, allowing the ventricle to be frozen simultaneously from inside and out. Beginning at this level, the right ventricle is partially closed. From this level to the apex in this heart, the right ventricular wall abuts the septal wall. Note the color differences in the arteries and veins around the edges of the heart. The middle panel demonstrates the striking color differences between artery and vein in the frozen preparation. The lower panel is a micrograph of a 30-/xm-thick frozen section which was heat dried and then stained. In the center is an artery and below this a vein. Even in these small vessels, approximately 28 (ira, arteries and veins are easily distinguished by wall thickness.
A factorial analysis of variance was used to determine whether differences in arterial and venous saturation existed between and within ventricular walls. A value of P <0.05 was accepted as significant, using the Student-Newman-Keuls procedure. 15 In the studies of blood vessels traced through the left ventricular wall, a paired Student f-test was used to compare initial and final subepicardial and subendocardial O 2 saturation values. Regres-'"ft" Results are expressed as mean ± SD. EPI = subepicardial; ENDO = subendocardial. sion lines were constructed by least square analyses for comparisons between blood vessel size and O 2 saturation.
Results
Under our experimental conditions, arterial blood pressure was 134 ± 21/104 ± 16 mm Hg (mean ± SD) and heart rate averaged 139.8 ± 25.0 beats/min. The arterial Po 2 , was 82.4 ± 18.4 mm Hg; Pco 2 , 34.2 ± 6.5 mm Hg; and pH 7.415 ± 0.057. The O 2 saturation of the arterial blood was 88.6 ± 13.3%. The hemoglobin concentration averaged 13.5 ± 2.2 g/100 ml and the hematocrit was 43.2 ± 7.6%. These values are similar to those reported by others with this type of preparation. 1 '*• "• 16 ' 17 No changes in measured parameters were observed until the hearts were fibrillated.
Myocardial Arterial O 2 Saturation
The mean arterial saturation of 621 arteries measured in all the hearts, regardless of size or position, was 90.1 ± 7.9%. Comparisons were made between the right ventricular, septal, and left ventricular walls (Table 1) , and no significant differences in arterial O 2 saturation were found. No difference in arterial O 2 saturation was observed regionally within any ventricular wall in comparisons between blood vessels found in the base half compared to the apical region (Table 1) . No significant differences in arterial saturations were found between superficial and deep regions of the right and left ventricular free walls or between the right and left side of the septal wall. However, the EPI regions had a slightly higher saturation than the deeper, ENDO regions. Further studies were performed to determine whether a small difference did, in fact, exist.
Arteries (n = 12) were followed through serial sections of the left ventricular free wall for up to 7.5 mm to determine whether arterial O 2 saturation decreased with depth. The arterial O 2 saturation at the starting depth, which ranged from 0.9 to 4.65 mm from the subepicardial surface, was 96.9 ± 3.2%. At the greatest depth, each vessel was followed (range 2.88-8.7 mm), the arterial O 2 saturation averaged 94.5 ± 4.0%. These arterial O 2 saturations were not different (paired Mest). The average distance that vessels were followed was 4.2 mm.
Arterial O 2 saturation was plotted against vessel size. The percent difference from the average regional arterial O 2 saturation was compared to vessel diameter by a linear regression plot. In all, 372 vessels were studied. No correlation was found between inner vessel diameter and arterial O 2 saturation. In the studies of traced vessels, initial diameter averaged 203 /xm (range, 77-912 /j.m) and final diameter averaged 132 /xm (range, 43-298 /j.m). There was no significant decrease in saturation with size. Further, when vessels of large and small initial size were separated, no relationship between size and arterial saturation existed. This is not to say that no arteries were found with low O 2 saturations. A few vessels in every heart studied had arterial saturations in the range of 60-70%. These vessels were of differing sizes and were found throughout the septal, right ventricular, and left ventricular walls.
Myocardial Venous O 2 Saturation
The mean venous saturation of 612 veins, regardless of size, measured in all hearts was 24.3 ± 10.1%. In three hearts, coronary sinus O 2 saturations were 35.8%, 23.1%, and 40.0%, and the average left ventricular venous saturations were 31.4%, 29.6%, and 36.5%, respectively. No significant differences were found between mean saturations of the right and left ventricular free and septal walls ( Table 2) . Further, no differences were observed regionally between the apical and basal halves of any ventricular wall. No differences were found in the septal or right ventricular wall with depth, although the Endo region of the right ventricle appeared to have a slightly but insignificantly lower O 2 saturation than the EPI.
In the left ventricular free wall, regional differences with depth were observed. EPI venous O 2 saturation was significantly higher than that of the middle region and the ENDO region by the Student-Newman-Keuls test. The middle region was lower than the EPI and higher than the ENDO region by the same test. The EPI venous O 2 saturation averaged higher than the ENDO region in every plug in all 12 hearts examined. Figure 3 shows three histograms of the distribution of venous O 2 saturations found in 234 blood vessles in six dogs in the EPI, middle, and ENDO regions of the left ventricular free wall. The histograms illustrate the shift to lower venous O 2 saturations observed with depth in the left ventricle.
Veins (n = 10) were followed in three hearts in serial sections in the left ventricular free wall. Observation began 0.9-4.65 mm in from the epicardial surface. The greatest depth each vessel was followed ranged from 3.4 to 8.4 mm. There was a significant difference between the superficial and deep saturation measurements, 45.7 ± 13.5% vs. 34.5 ± 17.2%. This average difference is slightly less than the average difference for all EPI vs. ENDO venous O 2 saturation differences.
Venous O 2 saturation was plotted against vessel size in the EPI and ENDO regions of the left ventricular free wall. The percent difference from the average regional venous saturation in a dog was compared to the vessel diameter. No relation between vessel size and venous O 2 saturation was found in the ENDO region. In the EPI, a total of 107 veins were examined. There was a tendency for larger veins to have a lower saturation, but this was The standard deviation of the percent difference from regional means of veins found in the left ventricle as compared to their diameters. Variability of vessels below 75 \un appears greater than in larger vessels. not significant (r = 0.179). In the vessels traced through serial sections, there was a decrease in diameter with depth: initial average, 155 /j,m (range, 72-240 /nm)final average, 80 /urn (range, 48-110 /xm)-as there was a decrease in venous O 2 saturation with depth. The relationship between the degree of variation in venous O 2 saturation and vessel diameter was studied. The percent difference from the average regional venous saturation in a heart was compared to vessel diameter in 212 veins. The results are shown in Figure 4 . It can be seen that the smaller vessels have a greater variability than the larger vessels in terms of their venous O 2 saturation. In vessels 75 fxm and greater, the standard deviation in venous O 2 saturations appears lower than that in smaller vessels and is relatively constant.
Myocardial Arterial-Venous O 2 Saturation Difference
The mean arterial-venous O 2 saturation difference of a ventricular wall and regional difference within a wall were obtained from the average difference of all vessels in the region or wall studied. No consideration was given to vessel proximity. The average arterial-venous saturation difference in all hearts examined was 66.0 ± 11.5%. No differences existed in this parameter in comparisons between ventricular walls (Table 3) . No significant variation in arterial-venous O 2 saturation differences was found in regional comparisons between the base and apex in any ventricular wall of the heart. No differences were found between right ventricular EPI or ENDO regions or in the septal wall between the right, middle, or left regions (Table 3 ).
In the left ventricular free wall, the ENDO region had a significantly higher arterial-venous O 2 saturation difference (73.3%) than the middle (65.8%) or EPI (62.1%) regions. This greater extraction of O 2 in the deeper ENDO region of the left ventricle was found in every heart examined. Thus, differences in left ventricular O 2 saturation with depth were also seen as greater O 2 extractions. VOL. 42, No. 1, JANUARY 1978 In terms of vessel diameters, arteries that were significantly larger than veins were studied. The average diameter of arteries studied throughout the heart was 107 ± 61 /xm, whereas veins averaged 88 ± 43 /xm. In the left ventricular free wall, significantly larger arteries and veins in the EPI as compared to the ENDO region were studied. EPI arteries averaged 130 ± 56 and ENDO were 86 ± 28 /xm. Veins in the EPI averaged 113 ± 46 /urn in diameter and ENDO veins averaged 78 ± 30 /urn in diameter.
Discussion
The method employed to determine the oxygenation of hemoglobin in small arteries and veins in the canine myocardium has been reported before. 12 ' l3 The light scattering in the frozen blood was corrected by reading optical densities at three (560, 523, and 506 nm) different wavelengths. Our method has an implied assumption that only oxy-and deoxygenated hemoglobin species are present. We have shown that variations in the freezing rate do not influence the determination of saturation. The accuracy and repeatability of our measurements is better than 3%. Our method is relatively independent of freezing time, since no blood flow occurs during the freezing process, and during freezing, large vessels do not undergo a great deal of diffusive oxygen loss (Fig. 1) . It is true that there may be some loss of O 2 at the capillaries due to continuing, although steeply declining, metabolism. This does not occur in larger vessels during freezing due to greater wall thickness and diffusive barriers. Other methods have been employed to measure the O 2 saturation of frozen blood. Ours has the advantage of simplicity over some 18 and accuracy over others. 7 No significant differences were found in either arterial O 2 , venous O 2 , or arterial-venous O 2 saturation between the right, left, and septal walls of the heart. If differences in O 2 consumption exist between the ventricular walls, they do not result in differences in ventricular wall O 2 extraction. Such differences are likely, because the different walls perform at different work loads. A difference in O 2 consumption between the ventricular walls would have to result, therefore, in a difference in blood flow between the walls. Such differences in blood flow between the right and left ventricles have been reported. 1 -17 The only significant regional difference in arterial or venous saturation within any ventricular wall was that venous O 2 saturation decreased with depth into the left ventricular free wall. This gradient in O 2 extraction and venous O 2 saturation with depth in the left ventricular free wall leads to the conclusion that the relationship between O 2 supply and demand is more precarious with increasing depth. Tissue O 2 tension measures, in part, this relationship between O 2 supply and demand. Gradients in tissue O 2 tension have been reported in most 2 -:l but not all 19 polarographic studies such that EPI > ENDO, and also in studies using mass spectroscopy. 4 It has been shown that the ratio of NAD + /NADH is smaller in the ENDO region of the left ventricle. 20 It also appears in the ENDO that higher levels of anaerobic and lower levels of aerobic enzyme activity exist. 5 -" Further, from measurements of small-vessel blood content, it appears that the ENDO region of the left ventricular free wall has more open capillaries, 21 ' 22 also indicating a greater O 2 need. The preponderance of evidence leads to the conclusion that under control conditions the EPI region has a higher degree of relative oxygenation than the ENDO region.
The difference in venous O 2 saturation between EPI and ENDO could be due to: (1) a diffusional loss of O 2 from penetrating arteries, (2) a countercurrent arrangement of vessels which allows shunting O 2 away from the ENDO, (3) a lower ENDO blood flow with equal regional O 2 consumptions, and (4) a higher O 2 consumption in the ENDO.
No significant differences were found anywhere in the heart with regard to arterial O 2 saturation. Arterial O 2 saturation was independent of wall, position, or depth, although a few vessels were found with low O 2 saturations. This evidence appears to be quite different from that reported in the hamster cheek pouch. 8 -9 In that preparation, arterial O 2 saturation decreased significantly as vessel size decreased. We have measured blood O 2 saturation in arterial vessels with internal diameters to just below 20 /Am and have found no significant decrease in O 2 saturation. Duling and Pittman 9 report arterial O 2 saturations of 58% and arterial PO 2 values of 37 mm Hg in 19-/im vessels whereas we find arterial O 2 saturations of about 90% on similar size vessels. The difference between their results and ours could be due to the major differences in the preparations in which arterial O 2 saturation was measured.
The gradient in venous O 2 saturations in the left ven-tricular free wall cannot be explained by a decrease in arterial O 2 saturation. The possible countercurrent arrangement of large vessels in the heart 7 does not appear to affect O 2 delivery to the ENDO region. In the microvessels, the anatomy seems to preclude a great deal of countercurrent flow. 211 Regional blood flow to the ENDO region of the left ventricular free wall has been reported to be lower than that in the EPI, using various indicator washout techniques. On the other hand, measurements of the uptake of various materials indicate a relative overperfusion of the ENDO region. These studies have been reviewed. 2 ' 24 The distribution of radioactive microspheres in the heart appears to be size-dependent. The smaller the microsphere diameter, the more nearly the EPI/ENDO blood flow ratio approaches unity. 25 Of late, the concensus seems to be that blood flow gradients under control conditions in the left ventricle are very small. It would require an approximately 18% greater ENDO blood flow to explain the difference in arterial-venous O 2 extraction without requiring a difference in regional O 2 consumption.
Spotnitz et al. 25 have demonstrated a greater subendocardial than subepicardial sarcomere length in diastole. They also demonstrated a greater degree of subendocardial shortening in systole. This indicates a greater work performed and hence higher O 2 consumption in the ENDO compared to the EPI region of the left ventricle. It also gives credence to the determinations of a lower relative aerobic level in the ENDO, even if regional blood flow is uniform throughout the left ventricle. Furthermore, it has been shown by Krogh analysis that the O 2 consumption of the ENDO region appears to be greater than that of the EPI region." O 2 consumption was calculated from measurements of regional blood flow, relative tissue O 2 tension, and small vessel blood content. The data indicated that basal subendocardial metabolism was 20-30% higher than subepicardial metabolic rate.
A recent report by Monroe et al. 1 " indicated no differences in average venous O 2 saturation in the hearts of anesthetized open-chest dogs between the EPI and ENDO, contrary to that reported by the same group in isolated hearts. This is, of course, also different from our findings. There are several important differences between the preparations and methods of measurements. The type of anesthesia used was different. It has been shown that high arterial O 2 tension causes vasoconstriction in the heart. 27 Monroe et al. used a high O 2 gas mixture, perhaps causing greater vasoconstriction in the EPI region, thus lowering these venous O 2 saturation measurements. Further, our method of measurement is considerably more accurate. Their results also were reported from measurements obtained in only four dogs, while we have used 12.
In our preparation, veins traced in serial sections inward from the surface of the left ventricular free wall had lower saturations the further in depth the vein was traced. Venous diameter also decreased with depth. In a small region such as the ENDO, however, no relation was found between vessel diameter and venous O 2 saturation. In the EPI region this also was true, but there was some tendency for larger veins to have a marginally lower O 2 saturation. Larger veins in the EPI may be supplied in part from deep within the heart where venous O 2 saturations are lower. The possible statistical significance tendency is lost within the large variability of venous saturations observed, in the range of 0-65% (Fig. 3) . This great variability of venous O 2 saturations within the heart has also been reported by others. 7 -lfi ' 18 The most striking difference between small and large veins is the degree of variability found in O 2 saturations (Fig. 4) . Smaller veins are much more variable than large veins. This great variability also has been shown in capillaries and small vessels in the rabbit myocardium by Grunewald and Lubbers. 18 The histogram of their data is similar to ours. Our data suggest that large vessel venous O 2 saturations are averages of the very variable small vessel O 2 saturations. Such a degree of variability in micro-areas of the heart is not surprising. Tissue O 2 tension measurements within the same areas of the heart show great variability even over small distances. 2 
' 3> l9
There also appears to be great variability in the number of capillaries open in the heart under control conditions. 28 MALE AND FEMALE rats of several strains spontaneously develop hyperglycemia, hyperlipidemia, hypertension, arteriosclerosis, and other degenerative changes if they are bred actively and repeatedly. 1 " 4 The severity of these pathophysiological changes in repeatedly bred female rats appears to be related to the frequency and number of pregnancies, as well as the number of young suckled, 5 ' 6 and to the intensity of breeding activity in the male. 1 " 4 It is believed that repeated activation of the hypothalamic-pituitary-adrenal-gonadal axis associated with the reproductive effort leads to resetting of hypothalamic-pituitary-interaction and disruption of normal hormonal processes that eventuates in a Cushingoid spectrum of degenerative changes. 7 ' 8 We have found that longer periods of rest between pregnancies or mating (in the male) will attenuate greatly the usual incidence and severity of the Cushingoid degenerative changes which attend active and repeated breeding. Males placed in large breeder tanks, e.g., designed to hold as many as 50 rats (40 females, 10 males) without crowding, develop much more severe changes than those placed in smaller laboratory cages for paired breeding. In order to evaluate further these earlier findings, we compared the pathophysiological changes that occurred in male and female breeder rats after four consecutive breedings during the time they were housed in a large, com-
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